The behavior of a piezoelectric sensor is strongly affected by the bonding condition along the interface between the sensor and the host structure. This article presents an analytical study of the effect of the mechanical and geometrical properties of the adhesive layer on the coupled dynamic electromechanical behavior of a thin piezoceramic sensor bonded to an elastic medium. A sensor model with an imperfect adhesive bonding layer is proposed to simulate the two dimensional electromechanical behavior of the integrated system. The analytical solution of the problem is provided by solving the resulting integral equations in terms of the interfacial stress. Numerical simulation is conducted to study the effect of the bonding layer upon the dynamic response of the sensor under different loading frequencies. The interfacial debonding and its effect on the interlaminar strain and stress transfer mechanisms are discussed in detail.
INTRODUCTION
T HE utilization of networks of piezoelectric sensors/ actuators in the design of smart structures for position control, vibration and noise control, and damage detection for structural health monitoring applications has attracted significant attention from the research community (Gandhi and Thompson, 1992; Banks et al., 1996; Tani et al., 1998; Zou et al., 2000; Boller, 2000) . Optimizing the effectiveness and reliability of integrated sensor/actuator systems requires a clear understanding of the sensing/actuating processes and the resulting electromechanical response of the whole structure. In many practical cases, piezoelectric sheets, patches, tiles, or piezo-composite laminates used for structural health monitoring are permanently bonded with adhesive to the host structure to be monitored. The adhesive forms an interfacial layer of finite thickness between the piezoelectric element and the host structure. Since the efficiency of the sensing/actuating process depends on the ability of the adhesive layer to transfer the stress and strain between the active and passive constituents, the mechanical and geometrical properties of the adhesive layer affect significantly the performance of the entire structure. It becomes, therefore, an important issue to study the effect of the adhesive layer on the interaction of piezoelectric elements with the structure.
Modeling of the electromechanical property of piezoelectric sensors/actuators involves the treatment of complicated boundary/interfacial conditions. The resulting complicated local electromechanical fields near the edge of sensors/actuators are difficult to deal with analytically. Existing studies of the static load transfer between the piezoelectric elements and the host structure have been mainly based on simplified models, such as beam (Crawley and de Luis, 1987; Crawley and Anderson, 1990) , and plate and shell models (Wang and Rogers, 1991; Tauchert, 1992; Reddy, 1999) . To study the static local stress distribution near a thinsheet piezoelectric element attached to an infinite elastic medium, a 1D model was developed to investigate the stress concentration and the load transfer between the piezoelectric element and the host medium (Wang and Meguid, 2000) .
Piezoelectric sensors/actuators have also been extensively used in vibration sensing and active control of structures (Lee and O'Sullivan, 1991; Clark et al., 1993; Chang, 1995; Schulz et al., 1999) . Based on the usage of piezoelectric sensors/actuators, an electromechanical impedance method has been developed and used for damage identification of structures (Giurgiutiu and Rogers, 1999; . In most of the studies, the inertial effect was accounted for in the modeling process, but the effect of the adhesive layer was ignored (Liang et al., 1994) . More recently, a modified electromechanical impedance model, which treats the bonding layer between the piezoelectric element and the host structure as a springmassdamper system was proposed (Xu and Liu, 2002) . A detailed derivation to integrate the shear lag effect into impedance formulation was provided. The results indicated that thicker and softer adhesive layers would mostly affect the impedance reading of a piezoelectric sensor (Bhalla and Soh, 2004) . The shear layer coupling between the piezoelectric wafer active sensors and structures has been analyzed (Giurgiutiu, 2005) . Dugnani (2007) , Qing et al. (2006) , and Park et al. (2006) showed from both the finite element simulation and the experimental study that the adhesive layer bonding the piezoelectric patch to the structure could have a significant impact both on the amplitude of the acoustic wave propagated into the host structure and on its electromechanical impedance signature. Dugnani (2009) showed that for disk-shape sensors the effect of the adhesive layer is frequency dependent and that the losses due to shear deformation of the adhesive layer for the case near the first radial resonance were considerably lower than that for the quasi-static case.
Piezoelectric sensors are also being used for highfrequency applications, such as generating and collecting diagnostic elastic waves for damage detection of structures. In these applications, the wavelength is typically comparable or shorter than the length of the sensor. The understanding of the dynamic behavior of such structures is very limited in comparison with the corresponding low-frequency cases. Surface-bonded piezoceramic sensors under high-frequency electric loads have been studied using a one-dimensional piezoelectric sensor model (Wang and Huang, 2006) . The results show that the dynamic coupling between the sensor and the host structure can significantly change the sensor signal. Recently, Han et al. (2008) studied the effect of the material and geometric properties of the sensor and the bonding layer on the load transfer from the host medium to the sensor.
In most previous studies, the sensors are assumed to be perfectly bonded to the host structures. However, debonding between the piezoelectric layers and the host structures may occur during its service life due to the existence of defects or high stress level Tong et al., 2001) . Existing studies on the electromechanical behavior of piezoelectric elements with imperfect bonding have been mainly confined to the global response of piezoelectric structures (Seeley and Chattopadhyay, 1996; Tylikowski, 2001; Della and Shu, 2007) . Recently, Jin et al. (2010) studied the dynamic behavior of actuators with debonding. The dynamic load transfer from the actuator to the host medium caused by a harmonic electric field uniformly distributed along the actuator is studied. The result clearly showed a significant effect of interfacial debonding on the actuation process. When a piezoelectric sensor is attached to a host medium, the measured signal from the sensor will be directly used to determine the response of the host medium. In this case any change in the bonding condition, especially debonding, will directly affect the sensor response. For a sensor, the incident waves from the host medium will generate a distributed electric field along the sensor, which is non-uniform in general and will have its own unique properties important to the understanding of the electromechanical behavior of the coupled system. It is, therefore, the objective of this article to provide a comprehensive theoretical study of the effect of the imperfect bonding on the dynamic behavior of surface-bonded piezoelectric sensors. The emphasis of this study is on the study of the electromechanical response of the sensor caused by the interfacial debonding and the effect of debonding upon the strain distribution and the overall performance. Numerical simulation is conducted to simulate the effect of the geometrical and material property of the system, especially that of the imperfect bonding layer.
FORMULATION OF THE PROBLEM
The problem envisaged is the plane strain response of a thin piezoceramic sheet sensor bonded to a homogeneous and isotropic elastic half plane through a thin bonding layer, as illustrated in Figure 1 . The host medium is modeled as a half plane to represent the case that it is much thicker than the sensor. The lengths of both the sensor and the bonding layer are denoted as 2a, and the thicknesses of the sensor and the bonding layer are denoted as h and h 0 , respectively. It is assumed that the poling direction of the sensor is along the z-axis. The sensor is used to measure the response of the host medium to an incident harmonic wave with a frequency !. Since the surface response will in general be disturbed by the sensor, the sensor and the host medium will be considered as an integrated system in this study. For the current steady state problem, all field quantities possess the same temporal factor exp(Ài!t), which is hereafter suppressed for brevity. Throughout this article superscripts s, b and h are used to designate physical quantities that belong to the sensor, the bonding layer and the host, respectively.
The Sensor
The sensors considered are piezoceramic thin sheets, which have relatively small thickness in comparison with their length. Therefore, the axial stress and strain can be assumed to be uniform across the thickness of the sensor. Since the thickness of the bonding layer is usually smaller than that of the sensor, the same assumption is also used for the bonding layer. The interfacial shear stress distributed between different layers, and the longitudinal displacements on the upper and lower surface of the bonding layer are shown in Figure 1 .
This study focuses on the case where the system is subjected to a high-frequency elastic wave, which has a wave length comparable to the length of the sensor. In this case, the inertial effect of the sensor may play a important role in the response. Considering the motion of the sensor in the axial direction, the equation of motion of the sensor can be expressed as:
where s y , s , and u s y are the axial stress, the mass density, and the axial displacement of the sensor, respectively.
The axial stress and the transverse electric field of the piezoelectric sheet can be generally described by:
where s , E s , and e s are effective material constants (Wang and Meguid, 2000) . D z and E z represent the electric displacement and the electric field intensity, respectively. The current sensor is assumed to operate in an open-loop mode with no external charge supplied to its upper and lower surfaces (Lee and Moon, 1989) . Correspondingly, the electric displacement across the sensor will be zero, i.e. D z ¼ 0. In this case, the electric intensity E z will vary along the sensor but can be expressed in terms of the axial strain as:
The axial stress in the sensor can then be determined in terms of the axial strain only:
where E s is the effective modulus of the sensor. Making use of the condition that the two ends of the sensor are traction free, i.e., s y ¼ 0, the axial strain of the sensor can be determined in terms of the shear stress as:
where
with k s and c s being the wave number and wave speed of the sensor, respectively.
The sensor is bonded to the host medium through an adhesive layer, which is assumed to be viscoelastic. Based on the property of the layer, the relation between the sensor and the host medium can be established (Jin et al., 2010) :
where b , g b , and h 0 are the shear modulus, the coefficient of viscosity and the thickness of the bonding layer, respectively. is the shear stress in the bonding layer and u þ and u À are the longitudinal displacements at the upper and lower surfaces of the bonding layer, which equal to the corresponding displacements of the sensor and the host medium at the interfaces for perfectly bonded sensors.
The Host Medium
The host medium is assumed to be homogeneous, isotropic, and linearly elastic. The dynamic plane strain displacement field in the host medium can be expressed as:
where È and É are two displacement potentials which satisfy: in which the Laplace operator r 2 stands for @ 2 /@y 2 þ @ 2 / @z 2 and K ¼ !/c L and k ¼ !/c T are two wave numbers with c L and c T being the longitudinal and transverse shear wave speed of the elastic medium, respectively. The stress field generated inside the host medium can be divided into two parts. The first is caused by the incident wave in the host medium with a traction free boundary and the second is caused by surface shear stress resulted from the sensor. For the first subproblem, once the incident wave reaches the free surface of the host medium, it will be reflected and the strain and the displacement along the surface of the host medium, IN y and u IN y , can be easily obtained using the theory of wave propagation and the boundary condition (Han et al., 2008) . For the second subproblem, the displacement induced by can be determined by solving Equation (8) using Fourier transform based on the following boundary conditions:
The resulting dynamic strain and displacement of the second subproblem along the interface between the bonding layer and the host medium are determined in terms of shear stress . The total displacement can then be obtained by superimposing the solutions of both parts as:
where h is the shear modulus of the matrix, and 0 ¼ 2(1 À n h ) with n h being the Poisson's ratio. and in these equations are given by:
The axial strain in the sensor is:
sin½sð y À Þdds
Dynamic Coupling Between the Sensor and the Host Medium
The displacements of the sensor and the host medium are related through (6), which can be expressed in terms of strain as:
Substituting Equations (5) and (12) into Equation (13), the governing equation for the sensor system with a bonding layer can be written as:
which can be normalized to:
with:
, can be directly obtained from , defined by Equation (11) with s, K and k being replaced by s, K and k, respectively.
Equation (15) is an integral equation in terms of the shear stress, which can be solved using the following expansions of Chebyshev polynomials:
where T j () is the Chebyshev polynomial of the first kind. By truncating the Chebyshev polynomial expansions to the Nth term and considering the boundary conditions at the following collocation points along the sensor:
Equation (14) reduces to N linear algebraic equations in term of {c} ¼ {c 0 , c 1 ,. . ., c NÀ1 } T , which can be expressed in a matrix format as:
where {F} is the loading matrix given by F l ¼ À IN y ð l Þ, and:
where:
with J j (j ¼ 0, 1, 2ÁÁÁ,N À 1) being the Bessel functions of the first kind. By solving Equation (19), the coefficients of Chebyshev Polynomials, {c}, can be obtained. It can then be used to determine the axial displacement u s y and the axial strain s y of the sensor.
The Effect of Interfacial Debonding
If the sensor is partially debonded from the host medium in jyj < d as illustrated in Figure 2 , the shear stress in this region will be zero. By making use of the equation of motion (1) and the traction-free condition at the two ends of the sensor, the axial strain in the debonded sensor can be expressed in terms of as:
where d is the axial stress at the ends of the debonded part of the sensor given by:
In this case, the host medium is subjected to the following boundary condition: 
Similar to the case of perfectly bonded sensors as shown in the previous section, the total strain in the host medium caused by both the surface shear stress due to the sensor and the incident wave in the host medium can be determined to be:
The relation between the strains in the sensor and the host medium presented by Equations (22) and (25) are governed by the property of the bonding layer, such that
Substituting Equations (22) and (25) into Equation (26) the following integral equation in terms of the shear stress can be obtained:
The continuity condition Equation (6) must be satisfied at the ends of the debonded part of the sensor, which results in:
The corresponding displacements can be determined by integrating Equations (22) and (25). Substituting the results into Equation (28), the following equation can be obtained:
Equations (27) and (29) can be normalized as: 
and d in (23) is normalized as:
In these equations, r and r can be obtained from , defined by Equation (11) directly by replacing s, K and k with s r , K r and k r , respectively. The shear stress r can then be determined by solving these equations using the following Chebyshev polynomial expansion:
Assuming that Equation (30) is satisfied at the following collocation points at the bonded segment of the sensor:
following linear algebraic equations can be obtained from Equations (30)(32):
The coefficients c r j can then be determined by solving Equations (36) and (37), which can then be used to determine the deformation of the debonded sensor.
NUMERICAL RESULTS AND DISCUSSION
In this section, the electromechanical behavior of the sensor system subjected to a normal incident longitudinal wave is considered. The attention will be focused on the strain distribution along the sensor, which represents the load transfer between the sensor and the host medium. The effect of the loading frequency, the material property of the bonding layer, the material combination, and the sensor geometry upon the load transfer will be studied. It should be mentioned that the solution of the current problem is complex in general, containing both real and imaginary parts. The resulting physical strain should be the real part of the obtained strain after multiplying exp(Ài!t). In the following discussion, only the magnitude of the physical strain is considered, which is the most important parameter of the problem.
The material constants of a typical piezoceramic sensor are shown in Table 1 (Park, 1990) , and the material parameters of the host medium and the bonding layer are shown in Table 2 (Wang and Huang, 2006) . The elastic constants of the bonding (Pa) 13.9 Â 10 10 6.78 Â 10 10 7.43 Â 10 10 11.5 Â 10 10 2.56 Â 10 10 Piezoelectric constants e 31 e 33 e 15 (C/m 2 ) À5.2 15.1 12.7 Dielectric constants 11 33 (C/Vm) 6.45 Â 10 À9 5.62 Â 10 À9 layer are assumed based on existing material constants (Park et al., 2000) . The mass densities of the sensor and the host medium, s and h , are assumed to be 2700 kg/ m 3 (Wang and Huang, 2006) . The geometry of the sensor is assumed to be a ¼ 1.0 cm and h ¼ 0.52.0 mm. The length of the bonding layer is the same as the sensor, and the range of its thickness h 0 is 0200 mm. From these material constants it can be determined that q ¼ 0.3928, q 0 ¼ 0.0083, u ¼ 5.54 Â 10 À5 , v ¼ 0.050.2, and v 0 ¼ 00.02. The normalized longitudinal wavenumber in the host medium, Ka, is used to represent the loading frequency, with Ka ¼ 1.0 corresponding to a loading frequency of 0.059 MHz for the current sensor length.
Strain Distribution Along the Sensor
The response of the host medium without sensors can be determined by considering the tractionfree boundary condition at z ¼ 0. The resulting displacement and strain on the free surface of the host medium are denoted as u IN y and IN y . The relation between the sensor strain s y and IN y can be evaluated using the amplitude of a dynamic strain ratio, (y), defined as:
which represents the percentage of deformation transferred from the host medium to the sensor.
THE EFFECT OF THE BONDING LAYER
To investigate the effect of the thickness of the bonding layer upon the deformation transfer between the sensor and the host medium, the value of h 0 is selected to be 0, 40, 80, 150, and 200 mm. The coefficient of viscosity g b is selected to be 10 PaÁs, which corresponds to a very weak viscosity. Two loading frequencies, Ka ¼ 1.0 and 4.0, are selected, and the corresponding curves of the amplitudes of the dynamic strain ratio, A ¼ j(y)j, are shown in Figures 3 and 4 , respectively. As shown in Figure 3 (a), these five curves are similar in shape. A significant deduction of the strain ratio occurs with increasing bonding layer thickness. At y/a ¼ 0.75 for example, a deduction of 20% of the strain ratio is observed when v 0 ¼ 0.008, in comparison with the case when the bonding layer is absent (v 0 ¼ 0). Figure 3 (b)(d) show strain redistributions along sensors with central debondings d/a ¼ 0.5, 0.7 and 0.9. It is shown that debonding significantly changes the strain level in the debonded region. The curves in Figure 4 show much more complicated variation along the sensor, as expected for higher frequencies. Different from the low frequency case shown in Figure 3 , increasing bonding layer thickness results in an increase in the strain ratio in the central part of the sensor, À0.75 < y/ a < 0.75 for example. Figures 4(b)(d) show strain redistributions along szensors with debondings d/a ¼ 0.3, 0.5, and 0.6, which indicate that with increasing thickness of the bonding layer, the debonding shows more significant influence on the strain distribution. The coefficient of viscosity of the bonding layer, g b , also affects the load transfer between the sensor and the host medium. In above examples, the material constants shown in Tables 1 and 2 are used, which give u ¼ 5.54 Â 10 À5 . In the following example, different values of g b , from 10 PaÁs to 10 5 PaÁs, corresponding to u values increased from 5.54 Â 10 À5 to 5.54 Â 10 À1 , are considered in the simulation to study its effect on the load transfer. The loading frequency is chosen to be Ka ¼ 2.0, and the thickness of the bonding layer is assumed to be v 0 ¼ 0.01. The results of the distribution of the amplitude of the dynamic strain ratio along the sensor are shown in Figure 5 . It is interesting to mention that although changes in the amplitude of the strain distribution along the sensor can be observed with increasing g b , the change is not significant. Since the stiffness of the bonding layer increases with increasing u, when u is very high (g b ¼ 10 5 PaÁs for example), the property of the layer is close to that for v 0 ! 0. Figure 5(b)(d) show strain redistributions along the sensor with debondings d/a ¼ 0.5, 0.7 and 0.9. It is shown that for relatively low-frequency case where Ka ¼ 2.0, the viscosity of the bonding layer does not significantly affect the distribution of the strain ratio even for a large debonding length (d/a ¼ 0.7), as expected.
THE EFFECT OF THE LOADING FREQUENCY
A significant effect of the loading frequency upon the strain distribution has been observed by comparing the results shown in Figures 3 and 4 . To have a closer look, two bonding conditions, h 0 ¼ 0 and h 0 ¼ 100 mm, are considered. Different Ka values, 1.0, 2.0, 4.0, 5.0, and 6.0, are chosen to investigate how the strain distribution varies with different loading frequencies. The corresponding dynamic strain ratio curves are shown in Figure 6 . As shown in Figure 6(a) , the shape of the strain distribution curves change significantly with the increase of the loading frequency. When Ka ¼ 1.0, the curve is flat in the internal region of the sensor, with the amplitude of the curve around 0.8. With increasing Ka value, more peaks appear in the curve. When a bonding layer (v 0 ¼ 0.01) is included, significant changes of the shape of the strain distribution curves with the increase of loading frequency are shown in Figure 6 (b). For relatively low frequency Ka ¼ 1.0 or 2.0, the shape of the strain distribution curve is similar to that corresponding to Figure 6 (a). When Ka ¼ 6.0, two major peaks are observed in the curve, with the maximum peak value around 1.8. Figures 6(c) and (d) shows strain redistributions along sensors with central debondings d/a ¼ 0.4, which indicate that, when the bonding layer is involved, the effect of the loading frequency upon the load transfer may become more significant.
THE EFFECT OF THE MATERIAL AND GEOMETRIC PROPERTIES
The geometry of the sensor also shows its influence on the dynamic behavior of the sensor. In this study, the sensor geometry is represented by the thickness-tolength ratio v. To investigate its effect on the dynamic behavior of the sensor, different v values, v ¼ 0.2, 0.15, 0.1 and 0.05, corresponding to h ¼ 2.0, 1.5, 1.0, and 0.5 mm, are selected. Two bonding conditions, h 0 ¼ 0 and h 0 ¼ 100 mm, are considered, and Ka ¼ 5.0 is chosen as the loading frequency.
The result for v 0 ¼ 0 is shown in Figure 7 (a) for different v values. With the decrease of the v value (decrease of h), the amplitude of the curve increases dramatically. Similar trend is observed in Figure 7 (b), when bonding layer effect is involved. The amplitude of the curve for v ¼ 0.1 is approximately twice as much as that of the curve for v ¼ 0.2. Figure 7(d) shows strain redistributions along sensors The value of q is an index of the relative stiffness of the sensor, representing the material mismatch between the sensor and the host medium. In this study, the material constants of the sensor are fixed, while the Young's modulus of the host medium is adjusted to achieve different q values. In previous examples, the selection of sensor and host medium results in q ¼ 0.3928. For the convenience of calculation, q ¼ 0.1, 0.2, 0.3, 0.4, and 0.5 are selected in the following examples. Two bonding conditions, h 0 ¼ 0 and 100 mm are considered, and the loading frequency Ka ¼ 5.0 is selected to study the effect of material combination upon the load transfer. Figure 8(a) shows how the strain distribution along the sensor changes with the decrease of the relative stiffness of the sensor, when the bonding layer is absent (v 0 ¼ 0). With the increase of the stiffness of the sensor (decreasing q), the amplitude of the dynamic strain ratio distribution curve increases when À0.3 < y/a < 0.3. The corresponding result for the case where the bonding layer is present, v 0 ¼ 0.01, is shown in Figure 8(b) . Again, significant effect of the material mismatch q is observed. With the decrease of the stiffness of the sensor, the amplitude of the strain ratio increases along the entire sensor. Figures 8(c) and (d) shows strain redistributions along sensors with central debondings d/a ¼ 0.4. In comparison with the results shown in Figure 8(c) , the amplitude changes between two consecutive curves shown in Figure 8(d) are more obvious, indicating that the material combination shows more significant influence on the strain distribution when a bonding layer is included.
Output Voltage of the Sensor
According to the relationship between voltage and electric field intensity, the voltage distribution along the sensor can be determined as:
When the upper and lower surfaces of the sensor form two electrodes, the total resulting voltage across the sensor can be obtained by averaging the voltage across the sensor obtained before, i.e:
V out is an important parameter of the piezoelectric sensor, which will be measured in a real system. To investigate the variation of the normalized output voltage of perfectly-bonded sensor with the thickness of the bonding layer and material combinations, q ¼ 0.1, 0.2, 0.3, 0.4, and 0.5 are selected and four loading frequencies, Ka ¼ 2.0, 4.0, 5.0, and 6.0 are considered. The results are shown in Figure 9 . The amplitude of the incident strain field is kept to be the same and the output voltage is normalized by (V out ) 0 , i.e. B ¼ jV out / (V out ) 0 j, where (V out ) 0 is the corresponding result for q ¼ 0.5 at v 0 ¼ 0.005. Figure 9 (a) shows, for Ka ¼ 2.0, that for a fixed value of q the output voltage decreases with an increase in the thickness of the bonding layer; for a fixed value of v 0 the output voltage increases with increasing q. For higher frequencies, Figure 9(b)(d) shows that the effect of the parameter q becomes more significant on the output voltage with the increase of the thickness of the bonding layer.
The geometry of sensor not only shows its influence on the dynamic strain distribution, but also on the output voltage of the sensor. Different v values, 0.05, 0.065, 0.1, 0.125 and 0.2, are selected to investigate the variation of the normalized output voltage with the thickness of the bonding layer and sensor geometries. The results are shown in Figure 10 . The output voltage is normalized by the corresponding result for v ¼ 0.2 at v 0 ¼ 0.005. It is shown, for Ka ¼ 2.0, that with a given v the output voltage decreases with increasing v 0 ; with a given v 0 the output voltage decreases with decreasing v. For higher frequency cases, however, the effect of the parameter v on the normalized output voltage becomes very complicated and unpredictable with the increase of the bonding layer thickness. Figure 10 . Normalized voltage distribution with different thicknesses of the bonding layer and sensor geometries (q ¼ 0.3928, u ¼ 5.54 Â 10 À5 and q 0 ¼ 0.0083).
